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(57) Abstract 



A method and apparatus for acquiring acoustical data from a borehole (10) and is especially 
useful in carrying out tomography surveys. The borehole digital geophone (BDG) tool (14) of the 
present invention is capable of operating from a standard, 7-conductor logging cable (16) with no 
special cables being required since the individual digital geophone modules (DGM) (15a-e) which 
form the BDG tool (14) are connected together by short, separate lengths of the same 7-conductor 
cable (16). Each DGM acquires, digitizes, stacks, and stores data generated by its own three-compo- 
nent geophone (37) assembly prior to transmitting these signals to the surface over a dedicated con- 
ductor (7) in the cable thereby substantially increasing the sample rate of the tool whidi^ in turn, 
substantially reduces the field time to run a tomography survey. 
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BQPBnnB-Jg nTCTTOT. GBCSBXE TOOL 

Hie present invention relates to a borehole 
digital geophone tool. 

Cross-borehole seismic tcsoogr^shy is currently 
being investigated as a potential method for monitoring 

5. pb^ical changes within a subterranean formation. For 

exasple, seismic tomogr^y surveys have been used in 
monitoring the advance of an enhanced oil recovery (BOR) 
di^lacansnt f ron t throuc^ a fancetion (i.e. the leading 
edge of a steam flood in a heayy oil reservoir) • Ohe 

'10. results from these surveys indicate that t/mxpraphi cal ly- 

processed^ cross-borehole data, can image variations in 
the velocity of acoustical signals as they travel throuc^ 
the fonzation. These velocity variations are believed to 
be caused by factors such as (a) the diff erring 

15. tenperature within the formation and (b) differences in 

the TOtPrials (e.g. water, oil, etc.) which fill the 
pores in the fcooation. 

These velocity variations are processed and 
presented as a cross-section pirof ile between a source 

20. bon^iole and a receiving bor^iole. ly intecpr e ting these 

cross-borehole velocity profiles (commonly called 
"tcxnograms") , valuable information can be gaineri as to 
the physical changes vhich have taken place at the time 
the tcsoogram was taken. 

25- To acquire a txanogram, a seismic energy source is 

placed in the borehole of a "soxaroe" well and a seismic 
receiver system is positiioned in borehole of one or more 
adjacent "receiver" wells, all of which traverse the 
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f aniatiori Of inberest. ^tte energy scarce is actuated or 
"fired" to generate aocwstical signals vMdi travel 
exEOugh tbe foniBticn being investigated. Bae signals 
are detected ani recacded tbe receiver system in a 
respective receiver wbU. Bie time it takes the signal 
to travel from tb& source well to the receiver well is 
associated with, a par t inilar path (i.e. "r^jpath") 
throu^ tiie f cxnnaticn. By positioning the energy source 
and/or the receiving system at different locations within 
tiieir reg>ective bor^ioles, the tiaes for a rectangular 
grid of raypaths can be recocded. Ear exanple, a typical 
tanograEil^ survey nay ocaasist of aboot 1600 raypaths 
derived from 40 source loca t ions and 40 receiver locations. 
VOisi an adequate number of rzffpaUi velocitiBS have been 
recorded to pccperly establi^ a fomation profile, the 
data is toncgr^inoally-prooessed to provixSe the desired 
tcBDogcam. 

O^pical borehole receiver systems \Mcii have 
pcewiously been used in acguiriiig tcanogr^y data 
generally consisted of a single, three-ccanponent gecphone 
\ib2xii is suspended 25 fccsa a standard 7-oanduotar 
logging cable. While sucb systems wodc well in acguiring 
the dowrihole data, tiiey are slow and esctranely time 
consumix^ in that the energy scurce has to be moved and 
repositicjned in its well bore as naiy times (e.g. 40) as 
the receiver is repositioned in the receiver well (e.g. 
40) in order to acquire data from the desired nuniaer of 
raypaths (eug. 1600) . 

Mare reoaitly, systems have been developed 
fer running tomography surveys \aiidi include multiple 
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sources arei receivers so that several sepaocatB raypaths 
can be traversed from a single location without havijig to 
move either the sources or the receivers. As can easily 
be vmderstood, by reducing the number of times \ghidi the 
source and/or receivers have to be physically moved 
within their re^)ective boreholes, tbB field time, hence 
the eaqpesnsB, to Tcun a toaxogr^diy survey is substantially 
reduced. 

Hbuever, the loiown systesns using multiple 
sources/receivers still leave much to be desired. Rxr 
exazsple, one of better kncMn of these systems includes an 
analog, multi-level tool consisting of 5 geophcne modules 
.\diich are interconnected by lengths of hic^hly-specialized 
cable. These cables contain 31 s^)arate wires vMch are 
wrapped around a hydraulic hose \diich 
provides hydraulic pcwer to drive the clainping arxos of 
eacb module. Die whole cable assembly is tlien encased in 
a steel armor jactet and has a diameter of about 1.5 
inches (34mm} . Ibis same cable is vsed to suspend the 25 
tool in the wellbcre and extends all the way to the 
surface. 

Each gec^Asone channel in each module is oomeeted 
to a dedicated pair of wires in the cable. Therefore, 15 
channels tise 30 wires with the remaining wire 
furnishing the pcwer to the tool. Hbe maximum number of 
modules is thus limit.e(i by the practical number of wires 
that can be constructed, into this type of cable. 
HbB large number of wires in borehole cable provides 
problems in terminating the cable and mainbailung 
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reliability of all connections, flhenesver pcwer is 
^plied to the BKJdules fim the surfeoe tijro^ 
cable, analog data frcam eacii channel is continupusly sent 
up tbeSx re^jectivB pair of wires. Bie 15 ciiannels are 

5. fed into a stanaard seif^ic recording systan on iaie 

surface. Biis analog data however, is subject to 
distortion and loss of <^nainic range and frequency 
response due to the poor electrical ciiaracteristix3s 
of 1±e long cable. Anotier fawsm system, uses a plurality 

10. of Bodules \aiich are su^iereied in a borSic^ 

••7-ooaauctac" logging cable. Bie tcp module digitizes, 
analog <feta *4iich is suiplied fixm tbs satellite 
modules below.it. Bie lower nedules are all ocnnected to 
tiie tcp module and to eac2i otiier ly lengths of special, 

15. miLti-^rnductca: cables^Mcli have the ^ 

as desccdbed above. As fer as is known, -Uiis system 
g^pears to do an analog-to-digital conversion of the 
data fctm a first channel, transmit it to liie surface, 
convert the data frcm the next channel, trananit it to 

20, the surfeoe, etc. Hhis transmission technique ^i.e. 

timenmiltiplexed ani channel-^tiplexed) limits hew fast 
the data can be digitized and transmitted since there are 
limitations on transmitting such digital data to the 
e.irft'ria ovBT stanflard 7-<»n±ictar logging cable. 

25. Bie present invention provides a method and 

^paratas for acquiring acoustical data fron a borehole 
and is especially usefta in carrying out tomogr^iiy 
surveys. Ihe borehole digital gecphone (BDG) tool of the 
present 5 invention is cepable of operating from a 
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standard, 7-<»nauctar logging cable (20,000-25,000 feet 
long (6.1-7.6 Km)) with no special cables being required 
since the individual digital gecpiiane mocJules (DGM) whicb 
form the BDG tool are connected together by short, 
separate lengths of 10 the saine 7-oanductar cable which 
eliminates the need for aiiy qpeciali zed cables. Each 
relatively small DGM (e.g. 6 feet long (1.8m) , 3.25 
inches (83mm) in diamster) acquires, digitizes, stacks, 
and stores data gaiecated by its am ttaree-ocsnponent 
gecfisone assembly prlcor to transmitting 15 these 
signals to the surface over a dedicated oonductar in 
the cable thereby substantially increasing the sa npl e 
rate of the tool (e.g. 1/8 ins) \iiich, in turn, 
substantially reduces the field tine to xvai a tomogr^iiy 
survey. 

More specifically, the BDG tool of the present 
invention is ccarprised of at least two DSfe, each 
cQgtprised of a housing having an upper end and a 
lower end. Each conductar in a standard, 7*CGinductor 
logging cable is connected to the v^Epec end of the first 
DGM. Each TXX has means vithin its housing for 
effectively exkeaniiiQ each of these canajctors frm 
the vppea: end to the lower end of tiie housing. Olie lower 
end o£ tbe first DGM is connected to the v^pper end of the 
second TXX by a separate length (e.g. 4 to 14 feet 
(1.2-4. 3m) long) of the same standard, 7-conductQr 
logging cable vftiereby each conductor in the logging cable 
effectively extends from the surface to the lower end of 
the last DC31 in the BDG tool thereby making each 
conductor available in each DGM for its respective 
dedicat,ed function. 
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All DGIfe ate the sane and are interchangBable within 
■Hie WS tool. Eacii DGtthas a means <e.g., a lodldng arm) 
fcr locSdn? its housing against tte baiJdiole at its 
desiced cpecational deptii ^diidi is operated iy an 
electric motor which receives power frcm the surfeoe 
throu^ a r¥^*r^'^ conductor in the cable. Bie geophone 
assembly in each DGM 10 is conpdsed of one vertical 
and two horizontal sensors \itddx detect acoustical energy 
and generate signals r^sresentative thereof . Each 
sensor has a s^arate channel for processing its 
respective analog signal beftxre sujplying tiie signal to 
an instantaneous fioating point (lEP) 15 angliffe r 
^fliidh, in tum> 8«plies a gain to eac4i signal. Bjese 
gj ijnaig are thea digiti?!fd and fed to a micro- 
pcocessing system within tiie housing of laie DCaf «4ifire 
■Qiey are stadlQsd and stored. 

A transwittii^ assembly within the DM then retrieves 
the signals vpan comnand through a dedicated pair of 
oondoctors from the surface and sequentially transmits 
the signals to the surface throu^ a dedicated 
transmissian conductor in tiie cable. Each JX3S. also 
includes a tenfjerature sensor for measuring tiie 
tenperature and generating a si^aal r^jresentative 
thereof tfliicSi is also transmitted to the surface. 

Di operation, tiie BDG tool is as semhied and lowered 
to a desired d^tii in a bor^Ie on a standard, 
7-Gonductor ca b le- Power is then sent down its 
dedicated conductors to the first (e.g. i^permost) 
EMS to power tiie first mcjdule. X^xsn receiving power. 
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the first DGM begins to transmit the header up the 
^ot^jev^i-e:^ transmission oanductor idaich inf arms the 
operator of the oonditian and status of the first DOl. 
When the first TXM is powered up, an address or logic 
unit number is sent to the first DQl vMch programs the 

5- first 1X31 to receive only ooramands addressed 

specifically thereto or global ocmmands vhidh are 
specifically addressed to all IXSMs. Qnoe 1±e logic unit 
number has been received, the first DGM vill stop 
sending tiie header. An operator at the surface issues a 

10. command to turn on power to the next inndulft ^diich 

actuates a relay \dhiGh then sc^lies pcMsr trcm the 
d^mtf^rl power conductors in the cable through the 
first DGM onto the second or "next" DGM to power up llie 
second DGM and the above procedure is r^)eated. 

15. After all DGMS are powered up and have received 

their respective logic urdt number, a rtcftrsr is 
actuated in each DGM to extent a locking arm to lode the 
DSI against the bordiole. A timebreak signal (i.e. the 
tiioe that a source is fired in a source i^ell) is then 

20. sif^lied to all DGMIs similtaneausly over a dedi c a t ed 

conductor so that all DGMs vdll begin to acquire data 
sisultanecusly. Acoustical data is tiien acguired, 
processed, stacked, stored and tr an anitted by eacb 0C3I 
as described above. 

25 . Reference is now made to the a c co m panying drawings, 

in uhich: 

FIG. 1 is a sectional view illvistrating a 
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toDogr^ survey being carried out bebaeest a source well 

anl a reoSLvjug weLl; 

EEG. 2 is a sectional view of the digital geoghone 
icdule (DOQ of the pcesert invention; 
5. BIG. 3 is an enlarged perspective vi^sw of the 

gediione and electronic section of the DGM of EEG. 2; 

EEG. 4ft., 4B are schematical diagrams of the 
electronic section of tlie DSI of ECGS. 2 and 3; 

ETG. 5 is a furtlier detailed sc h e n wl-iral diagram of 
10. the instantaneous floating point (lEP) anplifier and tiie 

analog-to-digital (A/D) ocnversion SYStem a£ EEG. 5; and 

ETG. 6 is a wirit^ schenHtic for electrically 
connecting a plurality a£ ^ oDnductars of a 

standard 7-oonduotar logging cable to form the bardwle 
t5. ftigT<-sri ^cEtaie tool of the present inventicn. 

Beferrii^ ncce particularly to the drawings, FIG. 1 
illastrsrtBs a tomograffcy surv^ as carried out in f omation 
12 between a source weU 10 and one or more receiver 

20. wells 11 (only one shown) vtdda. are spaced (e.g. 1000 

feet (305m) ) frcm well 10. One or more ajecgy sources 
(e.g. three) 13b-13d are suqended from cable 13a and are 
precisely positioned at known d^rths within barehole of 
well 10. 25 Energy sources 13 be canprised of any 

25. source which can generate sufficient acoustical energy to 

travel through f onnation 12 to the borehole of 
receiving wb11(s) 11. Preferably, source 13 is a 
bar^iole "airgun" viiicii discharges a Iwrst of oonpressed 
air V5wn ccnnnanol to generate the desired acoustical 

30. 
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eneargy in fomatian 12, e*g. a barebole aizgun available 
fraa Bolt 5 Tedmology Ooap. , Norwalk, CT. Other types 
of energy sources (e.g. piezoelectric, magnetostrictive, 
iaploders, etc*) are also kncwn for this purpose. 

A borehole digital geqphone (BDG) tool 14 
comprised of a plurality (e.g. 5) of receivers (e.g. digital 
geqphone nodules (DGM) 15a-15e) is suspended on a 
standard, 7-con ductxar logging cable 16 and is precisely 
positioned at a knouh d^ath in the bordbde of veil 11. 
After sources 13 and BDG tool 14 have beai positioned 
within their respective wells, they are "fired", usually 
FiTn'i1ti^Ty=^^g''y to act as a point source and the acoustic 
energy generated tiier^ travels in different paths 
(called "raypaths"; only raypaths 17a-r7e being numbered 
for clarity) throuig^i formtian 12 to receivers I5a-15e, 
respectively, \Aere the energy is detected and is 
recorded. Ihe sources and/or receivers are then 
repositioned at different d^Jths vathin their respective 
wells and the operation is repeated until sufficient data 
is collected to provide the desire to gn ogc a in for f orznation 
12. In accordance witli the present invention, 25 BDG 
tool 14 is suspended on and cperated by standard, 
7-conductar logging cable 16 and is conprised of a plurality 
of J3SSKS (five shown in FIG. 1; 15a-15e) which are spaced 
from each other by short lengths (trcm 4 to 14 feet 
(l*2-4.3ia)) of standard, 7-cancJuctar logging cable. 
Each DGM 15 is identical 
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in c»nstruc±im and is intecciiangeable witii any other DGM. 
Aooocdingly, only one DGM will be descrited in detail. 

Eefecrii^ now to EDS. 2, DOI 15a is conprised of a 
housing 20 whidt includes a sealed, gecphone and elec±ranic 
sectim 21 and a lodldng arm secticai 22. IcdcLng arm 
spr^rm 22 ccnpcises a shaft 23 which is jourmlled for 
rotation in housing 20 and \diich is threaded along- at least 
a portion 24 of its length. Shaft 23 is ooj?)led to and is 
driv^ by reversible, electric motor 25. locking arm 26 is 
pivotably mounted at the v^gpeac end of winaosr 27 virUh. is 
cat in lie wall of housing 20. Arm 26 is pivotably, 
fynnn°^i^ to a • ^^'"^ follower 2S hy link 29. Pollower 
28 cocperates with: the thrpniiPd paction 24 of diaft 23 
^aifirehy the fbUoMer will move the shaft vflaen the 
^laffc is rotated ly notor 25 in a first dLrection to 
eactaid arm 26 outward throucji winfcw 27 and will move 
down on the shaft vtoen the motor rotates the shaft in the 
dl±ec direction to re t ra ct the arm. 

ccaitact r"'^" (serrated pla t es 29) may be 
spaced and affixed to the outer periphery of housing 20 
on a side opposite wondcw 27. Pads 29 will contact the 
casing 30 or barbie ^fiien housing 20 is moved to a 
locSfced position by arm 26 to Ihecefcy inprove the 
arCTT'^^'-^T ootpling between the bocdwle and DGM 15. Ohe 
electrical wiring is necessary f ca: operating DGM I5a and 
the "nad;" DBtSs below (es^Oained in detail belxw in 
conjunction with FIG. 5) is not shotai in ITC. 2 for the 
sate of clarity but will pass throu^ passage 31 in 
housing 20 from section 21 at the i^per end of the 
housing to motor 25 and cable section 16a at the lower 
end of the housing. 
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As further shown in FIG. 3, gepE^ione and electronic 
section 21 is canprised of voltage regulator section 35, 
electronic board assembly 36, and geophone assemfay 37, all 
of \diich will be described in more detail belcw. Geophone 

5. assemby 37 is a three-oonponent geophone assembly of the 

type oamnoily used in seismic ^Derations and has 
horizarxtal acoustic sensors 37a, 37b which lie at ri^t 
angles to each other and one vertical acoustic sensor 37c. 
As win be understood, gecphone asseatibly 37 senses or 

10. detects acoustical energy in tiieir respective planes as 

the energy arrives at borehdLe 11 and each generates a 
respective analog, electrical signal re p r ese n taitve 
thereof. Electronic board assembly 36 receives the 
respective analog signals frcm geophone section 37 and 

I5« digitizes, stacks, stores, and then transmits the 

stores, and then transmits the resulting digitized 
signals to the surface through cable 16. 

For a further description of geophone and eLectronic 
sectim 21, reference is now made to the schematic diagram 

20. of FIG., 4. Voltage regulator section 35 sofpHjes the 

cmstant, regulated voltages lAxich are reguisred to 
cperate DGH 15. Ragulatcr section 35 is onrtprised of a 
positive, three-terminal voltage regulator 40 which 
receives a positive voltage (e.g. +18v DC) throu^ 

25. ooaauctar 4 of cable 16 and outputs a ccnstant, 

regulated positive voltage (e.g. +15v DC) throu^ line 41 
and also to a second positive, three-terminal voltage 
regulator 42 ^ch, in turn, outputs a second regulated, 
constant positive voltage (e.g. +5v DC) throui^ line 43. 



30- 



wo »3/08485 



PCr/USM/07765 



- 12 - 



Ifegative, tJireertendiial voltage regulator 44 receives a 
negativB voltage (e.g. -Iflv DC) tbrough oonductar 5 of 
rn fiit^ 1£ and outputs a cansfcant,regulated negative 
voltage (e.g. -JSvDC) ttrouc^ line 45 and also to a 
secand, negative, s'liree-tenninal voltage regulator 46 
vbUii, in turn, oulruts a second regulated, constant 
negative voltage (e.g. -5v DC) throu^ line 47. 

as stated above, gecpiione assembly 37 is ocaacpdsed of 
two harizontal phones or sensors 37a, 37I> and one vertical 
jiicaie or sensor 37c. Bach fhone generates anatog signals 
r^iresentativB of tbe acoustical signal received l^i that 
jhone and outpats its analog signal to a respective 
analog diannel 50. SinOe eadi daannel 50 is identical, 
only one will be es^lained in 15 detail. 

He. analog signal froBDa: the gecEJione passes 
i^hr-mrft a low noise input anipTtfiRr 51 vfliidi takes in a 
H^i»figrarrf-4»i signal aixi cratputs a single-ended signal to 
pr ^ yjr^mm- Mftf gain pre-anplif iers 52, 53. Die gains for 
anplifiers 52, 53 are programmaKte from the surface 
throu^ cable 16 in st^ increments (e.g. 0 dB to 84 dB 
in steps of 6 dB) . The signal frcm anplifier K is fed 
into ixspjt T<iiy*-^i>if=>vf^ 54. Otest o v iTl at o r 55 and test 
pulse generator 56 are also miltiplexed into the irput 
imin-^pipatgr (MOX) 54 25 a£ eacb channea 50. Input MK 
54 is ?i1g" p r' " ' j r T' ii "»" ^i**- teem iit& surface throu^ cable 16 
to selectively allow tiie analog signal, test osaLUatar, 
or test pcOse ttoou^ its respective diann&L. 

TbB signal passes frm irput MDK 54 tbrou^ 
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progranEDable, lew noise, lew-cut filter 57 (e.g. slope 
of 18 cSB/octave) : a programmable low noise, hi^-cut filter 
58 (e.g. slope of 72 cB/octave); and buffer anplifier 59. 
UtiB signals frcm all three channels 50 are fed to analog 
multiplescer (MUX) 60 vAiich is co n trolled from 
micro p rocessor system 61. Data frcm temperature sensor 
62 (e.g. s^i^'^'Ty^'"^"^' t^pe calibrated for 200^ C full 
scale) is processed throu^ analog signal conditioner 63 
and multiplexer 64 and is also. sillied to analog MDX 60. 
!Ebe 10 sensor 62 and related circuitry alloMS the 
tenperature to be measured and recorded conkinuously as 
tcancagr ag hic data is being acquired by tiie tool. Ppon a 
ccsnmand frcm microprooessar 61, MIX 60 will output either 
the analog signal trcan a selected channel 50 or the 
tenperature signal frcm sensor 62. 

TtiB signal frcm MIX 60 is fed to instantaneous floating 
point (lEP) anplifier system 65 \i4iiGh can be controlled from 
the surface throui^ cable 16 so that it can cperate either 
in an IFP or a fixed gain mcade (e.g. the fixed gain can be 
set frcm the surface frcm 0 to 30 d& in steps of 6 dB) • 

The basic function of HP 65 is to sanple the 
signal, determine the anplitude of the sampled signal and 
£^ly appropriate gain on tiie sanpled signal before 
passing it to ttis analog-to-digital (A/D) converter 66. 
For a more conplete description of lEP 65, referaice is 
now^ made to FIG. 5. 
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5. 



10. 



15. 



20. 



25. 



Bie signal ftcm MDK 60 enters IBP 65 thcou^ 
hi^fspeed pceoisim iwnblitluc sanple and bald (S/H) 
anirlTf^^- 67 whicH sanples and holds the signal far tbe 
duration of tame it tafes (a) to make a decision 
an tbe anoant of gain to be ajplied and (b) f ca: the 
signal to settle after the gain has been ^Ued. Bie 
AC signal tiien passes tbra#i precision rectifier, 
absolute-walue circuit 68 \diere it is converted to a precise 
absolute value. Bus is aooanplishfid using the input 
signal as its cm reference in tbe balanced ncdulator . 

tcpology. Bie signal is -ajen fed to higti-^ieed, A/D 
converter 69 (e.g. S-idt) vHaisii digitizes tbe absolute 
value signal iMcb, in turn, is outfitted to 
p ^ . ,j , j t - fl ff( ni aK ife read only meanaoy (prcoa) 70 \ibixstL is 
^fi ^. . j i ^. ... . ■ a. - T wiHi a table of gain raanbers. 'Baa output of 
A/D convBcter 69 is the adflress fcr prom 70. Bie 
contents of a partioTTar address is fed throu^ digital 
multiplexer (MCK) 71 to set the gain on tbe gain-ranging 
anplif ier 72 *iien lEP anplif ier 15 is operating in its 
lEP mode. When HP 65 is cperating in a fixed gain 
node, MQX 71 is confccolled by micrcpxioessar 61 
to provide a fixed gain signal from line 73 to gainrranging 
amplifier 72. 

nie sig n al from amplifier 72 pas ss s to a 
self-calibrating A/D converter 66 (e.g. 16- bit, 16 
nocroseoond) to whidi a precision hi^ tenperature 
reference voltage (e.g.,4.5V) is si^iplifid via line 75. 
Eref etaWy, only the twelve most significant bits of this 
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oanvHrter is used because of the hic^ operating 
tenperature range nannally enccuntered by the BDG tool. 
Converter 66 is controlled by programmable cxjunter/timer 
66a and co n tr o l logic 66b. and also includes a S/H 
^li-Fig^T- (not shown) vMch holds this signal and 

5. digitizes it, at which time S/H anplifier 67 rel e ases the 

old signal and begins tracking a ne&/ signal, thus 
pipelining the operation. 

Ihe gifpai from ccnverber 66 passes tisrou^ output 
buffer 76 which is an assembly of first-in/first-out 

10. registerers (FTTO) (e.g. 16 hit vdde by i6K deep). 

Bie inf annaticn froBn buffer 76 is retrieved by 
mr!ffo p:: x ? nacLQ^ 61 to be processed and stored in msmory. 
Micaxprocessor system 61 is oouprised of a clock 
generator 61a (e.g. 12 MHz) from \diich all otlier clociks 

15. in DGM 15a are derived. Control processing unit (CPD) 

6Ib is a low power micro p rocess o r (16-bit CMOS 
micrcprocessor) \dhich cooperates with intempt 
controller 61c and includes an address decoder 61id, a low 
power CMOS prom loesncary 6le (e.g. 128K x 16) , and a low 

20. power CMOS static random access mssoory (RAM) 15 f . Ohe 

j}f t fijt A in \dhich rna^M the micrcprocessor system 61 work is 
stored in prom 6le ^iihile the nenary in BAH 61f is used in 

operation, stacking, storing, and data 
buffering operations. This provides a large memory 

25 . \4iich enables the data in the DGM to be double buffered, 

microprocessor system 61 edso includes appropriate 
programmable peripheral interfaces 61g, 61h \diich direct 
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5. 



10. 



15- 



20. 



25. 



ocmmands, etc. tinMugtoifc tiie sysfcem. For exanpl^, 
jiicropcooesscr 61 ccmnanas loddug aim motxa: driver 77 
t&rough interfeoe eSh to actuate motor 25 to extend or 25 
retract locldn? arm 26 d^iending on the polarity of 
voltage \ibictt is controlled fcom the surface throuc^ 
cable 16. 

Tcansmitting system 80 is used for transaatfcing the 
data to the surface and receiving camnands from the 
surfeoe throuc^x cable 16. System 80 ccaipcises a 
pcogranmable counter/tijner 80a liiicii is used to generate 
the j^it 1 r j i lii ii i ' " '^^''** traxsait and reorive dodos required to 
operate data enoodar/deooder 80b jMxSi, in turn, receives 
canmands via catriuctoes 1 and 2 of cablfi 16 and trarsndts 
data on oonauctar 7 of cable 16. Bnooder/deoodec 8<»> 
receives data 5 fbr transnission from micrqprocessar 
system 61 through (a) hardware data cartp::essor 81 \iaxiL 
oonpresses the data prior to transmissian, thus 
significantly increasing the data transmissixni rate; (b) 
HED register 82, and (c) a pacallel-to-serial interface 
83. IbB encasder/decoder 80b is 10 connected to data Iws 
84 throu^ a serial-to-parallel converter 85 and is 
ocamected to controL bus 86 ty line 87. Biooder/ 
decoder 80b also chedcs for parity of tie 
transmitted and received data. 

It is to be understood that tb& foregoing- 
described electronic and circuit ocnponents are merely 
representative of the present imention and that 
otijer tspss and values of ocnponeKts may be u til ize d 
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\fjhere appropriate and available. In acxxardance with the 
preferred embodiment of the present invention, the 
following two tables set forth specific, 
oammercially-available escanples of the above described 
5. conponents (Table I) and t^ical specif icaticais for the 

DGM (Table U) • 

FIG. 6 schematicany illustrates how a plurali^ of 
interchangeable JXSMs 15 such as described above are 

10. electrically connected together to fona BDG tool 14. -Ihe 

first DGH 15a is connected onto the end of a standard, 
7-conductor logging cable 16 \dhich , as the name 
inoplies, has a bundle of seven s^^arate conductors 
encased in a jacket. The conductors have been numbered 1 

15, throui^ 7 for the purposes of description only and it is 

not meant to inply that arty specific conductor has to be 
used for a specific purpose since the conductors are 5 
all the same and are interchangeable. As illustrated, 
conductors 1 and 2 are used to transmit positive and 

20. negative ccsaaand signals, respectively, ficom the surface 

to ccstnnand processor 80 in DGH 15a tdien the signals are 
addressed to that module or on to a subsequent DGN ,e.g« 
10 15b, jabesn so addressed, and so on. 

Conductor 3 transmits a timebreak signal from the 

25 . surface to a timebreak signal conditioner 90 in the 

DGM v4iich starts data aoguistion vpan receipt of 
signal. The tim^areak signal is applied siimiltaneously to 
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all Of tbe cperational 15 in tool 14 so that the 
aogcdstiari will start in all of tbe DGMs at the sane 
tiioe* 

rv^r- tors 4 anti.5 are used to oonauct positive and 
negative electrical power, respectively, txxm the 
surfe~ to the regulator section 35 20 and throig^i a 
"n^" EMS power controller 91 (e.g. relay to 
turn power on to the next EMS in tool 14 i^xm ccamnand). 
C3onductor 6 is used to supply electric power to drive 
Botor 25 to extend or retract locldiig arm 26 (HG. 2) 
HopoTvqing an polarity liMle 25 conductar 7 provides the 
liiflc f cr transndtting data to tiie surface. 

All seven oaneiuctars of cable 16 functionally pass 
t->iyrttigh the entire XengOi of each DGM and tenninate at 
oosnnector 94 (e.g. 7-pin qannecbor) at the lower end 
tiifireaf "OdA, in turn, laates with a ccBoaplionentary 
oqnnectar (e.g. T-socket oannector, not shown) can cable 
16 or cable length 16a to thereby effectively provide a 
cxntinuous 7-<»ncauctar cable from the surface to the 
lower eni of the last DGM in tool 14. It can be seen 
that the present invention provicfes 5 a BDG tool 14 ^Aucii 
can be suspended and operated frcm a standard, 
7-cannectar logging cable wherein lengths of the same 
logging cable can be used to connect the mocSules of the 
tool together* Biis riiMnates the need for special and 
e3q)ensive cables as is the case with known previous tools 
of this type. Now tiiat liie construction of tool 14 has 
been described in detail, tte operation of the tool is 
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set farth Iselcw. 

Once BDG tool 14 has been assegoohlied, it is 
lowered on logging cable 16 into well 11. The cperator 
at the surface then initiates the start-tp procedure. 
Power frcm the surface is si^plied throuc^ conductors 4 
and 5 of cable 16 to the first DGM 15a only. Upon 
r e cei p t of power, DC31 15a goes tfaro u ^i a vesacacy test and 
then begins a powers inode during ^Aiidi the DGM sends 
header infonzation to the surface ooncauctar 7 of cable 16 
approsdinately every half seoond. Oie header inf ormtion 
includes all tool voltages, temperature, and other 
default tool settings and status. 

HiB apecstar new sends a ccsmnand from the surface to 
assign a logical unit or address number to the first DC3M 
15a. As soon as DGM 15a receiveis its logical unit number 
(e.g. No. 1) , it is no longer in the pcMesy-vp mode and 
will step sending the header infamation to the surface* 
DGM 15a is new p t T K jrainm ed so tiiat it will only respond to 
global cnmmands (those intended for all DGMs) or 
commands q)ecif ically addressed to DGM I5a. To 
pGwer up the nesct iipdu3.e (i.e. DGM 15b) , the operator 
will send a command frcsn the surf ace specif ically 
addressed to DQf 15a commanding "next'^module power 
controller 91 (FIG. 6) to turn the power on for the next 
LMG 15b. VIben power is sillied to next DGM 15b, it goes 
throui^ a meanaory test and set itself in the power-x?) 
mode, similarly as EMS 15a, and continues in the pcwer-n?) 
mode until a logical iHiit number or address number is 
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assigned (e.g. No. 2) • Bus procsedure is oonfcmued until 
all E5GS in tool 14 are powered vp and have been assigned 
l^yjji-^ai unit nmnbecs. Of course^ the power vp sequence 
for tbe DGMs can be autonatically controlled by 
pcograimdng the surface ocsipiter wiiec^ intervention iy 
an operator is unnecessary. Office all of the DOfe have 
been powered and have been assigned logical unit 
numbers, the cperator can now run different tests frcm 
the surface. Bar ejanpie, pulse, intecnal oscillator and 
transmission tests can be run on each DGM and ocnoands 
can be sent sequentially to eacb DCM to send data to Qie, 
surfeoe for analysis to determine if all DGMs are 
functioning prcperly • 

qhe next step is to deplq?' tbe locking arms 
26 of the DSfe, one at a time. Bne operator sends a 
ccamrand frm the surface to the bott ommo st DGM 15e to 
drive mcjtar 25 in a first direction to d^loy arm 26 and 
lock DCM 15e in positon against borehole 11. Die current 
and voltage on itotor 25 is continuously ncnitored until 
the current reaches a precJetennined value, at \Mxii tiine 
power 5 to motor 25 is sihut off and the locking cperatim 
is ccaplebe. T^ig procedure is repeated witb each of the 
renaining DG^ until all are locked in position. Ne3Ct, 
taie cperator can take scaDoe sanple test shots and analyze 
the data frcm eadl DGM to determine the best settings for 
preanplifier gains, low^oit filter setting, recocd 
length., lEP or fixed-gain operation, and stack count for 
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the data. Tool 14 is nov read^ to start aoguiring ^ta. 
!Ihe c^jerator initiates a fire caanmani to a souroe 13 in 
borehole 10 (FIG. 1) . At the instant the source fires, a 
"timahreak" signal 15 is generated and is transmitted 

5^ siMiltaneously to each DGM in tool 14 throu^ condiic±ar 3 

of the standard, logging cable 16. At the instant that 
this signal is received, all DG^ begin data aoguistion. 
2^ acoustical energy generated by the firing of source 13 
arrives at boretaole U, it is detected by the gecipbones 

'[Q, and the resulting signals are processed and staidked in 

the laeaoocy of each respective of DQl. After the cnmplete 
stacked reocrd has been acquired by each DGM, each DGH is 
cnmmandfrt to transmit its respective data to the surface 
throui^ conductor 7 of cable 16, serially, one at a time. 

']5^ During the time a JXM is transmitting data, a second data 
record can be acquired by that DOl into a separate 
buffer. Thus, data acquistion time is based primarily 
vpan the Tnaximum rate that data can be transmitted i:^ 
cable 16. Ibe following Table lU shows exanple times 

20. vith different sanple rat^ and tool configurations* 
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TABLE I 

Ref , Uo.. TteseriT±ion y ^ ^^^ Part: No, lfenufact?irer 

42 +57 regulator 42094-005 A 

40 +157 regulator 42094-015 A 

45 -57 regulator 42095-005 A 

44 -157 aregulator 42095-015 A 
61g, Sib Erogrammable MD82CS521-5/B B 
Peripheral Infcerfeoer 

51 Ere Anplif ier 0iPA27Hr C 

52 , 53 prograimnable Gain I9N202Q^/B D 
54, 60 analog miafdjexer HTISI^^ B 
59 Quaa ATPpl''''P''^ Hai^04-2 B 
66 A/D Oonverter Cffi016-aD16 E 
76, 82 EIFD 4K X 9 IDI7204LI20DB F 

55 Sine T^cve Oscdllatnr SNR200a) G 
6^, 80a p j^ -M M jg^i irmaWfe Couixber KD82^4/B B 

8Qb 'Wc\rr^'^^ Biooder- HaL^15530^ B 
Decxxier 

61d l-of-8 dpnnciPr 54HC138 H 

6la CLad^ Generator Driver MB2C84A/B B 

61b 16-Bit: Micrcpixx^ssar MD80C86/B B 

6ic liiterrtpt Ocantroller MD82C59A-5/B B 

61f 12SK X 8 Static KM EHC8-M128E I 

61e 2K X 8 hit EHDM HM6-^617/883 B 

62 ii^n^jscature Sensor AD590KS J 

64 16 r t^ a nroi aiialog mux HIl-0506-2 B 
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A. Micxopac Ihaustries, Inc., Dallas, Texas 

B. Harris SemiocsncJuctar, Palm Bay, FlcarixJa 

C. Burr^Brown Oorporation, Tucson, AZ 

D. Micro NetworJcs, Worceste r , MA 

E- Crystal Semiconductor Oorparation, Austin, TX 
Integrated Device Technology, Santa Clara, Ck 

G. Ihaler Corparation, Tucson, AZ 

H. National Sendoonctuctor, Santa Clara, CA 

I. White Tectoiology, Inc., Shoenix, AZ 
J. Analog Devices, Norvood, MA 
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TABLE II 



DIGITAL GEOPHONE MODULE SPECIFICATTONS 



MAX. NO. OF DGM'S: 

INTERCONNECTING CABLES: 

CONNECTORS: 

MODULE SPACING: 

DIAMETER: 

LENGTH: 

WEIGHT: 

CLAMPING SYSTEM: 
MAX. OPERATING TEMP.; 
MAX. EXTERNAL PRESSURE: 
MAX. DEPTH: 

DATA TRANSMISSION RATES: 
COMMAND TRANSMISSION RATES: 
RE-TRANSMIT ON ERROR: 
MAX. CABLE LENGTH: 

DYNAMIC RANGE: 
FREQUENCY RESPONSE: • 

NO. OF SEISMIC CHANNELS: 

GEOPHONE TYPES; 
PRE-AMP GAINS: 
IFP GAINS: 
LO-CUTRLTER: 
HI<:UT FILTER: 
A/0 CONVERTER: 
SAMPLING RATES: 
RECORD LENGTHS: 



STANDARD 7-CONDUCTOR LOGGING CASL£ 

MODIFiED GEARHART 7-PIN 

10 FTOR 20 FT TYPICAL 

•3.25 INCHES 

6 FEET 

90 LBS 

ELECTRIC MOTOR W/GEARSOX 
175 DEGREES C (347 DEGREES F) 
20,000 PSI 
25,000 FEET 

50, too, 200 KBITS^EC 
3, 50 KBITS/SEC 
YES 

25i000 FT- 
100 dB 

2fte-4000Hz 

3 (1 VERT., 2 HORZ.) 

SENSOR SM-15HT, 14 Hz 

0'84dB IN 6 dB STEPS 

0-3OdBIN SdB STEPS 

OUT, 25, 65, 100 Hz @ 18 dB/OCTAVE 

750, 1500, 3000 Hz @ 72 dB/OCTAVE 

12 MSB USED FROM A 16 BIT CONVERTER 

1/8,1/4, 1/2mSEC 

0.1 TO 2.0 SECS @ 1/8 mSEC SAMPUNG 
0.1 TO 4.0 SECS @ t/4 mSEC SAMPLING 
0.1 TO ao SECS @ 1/2 mSEC SAMPUNG 
IN 0.1 SEC INCREMENTS 
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TABLE III 



DATA TRANSMISSION TIMES 



TOTAL # 


TOTAL # 


TOTAL # 


SAMPLE 


RECORD 


TOTAL # 


TRANSFER 


CHANNELS 


OGM'S 


BDG'S 


RATE 


LNGTH (SEC) 


BYTES 


TIME (SEC) 


3 


1 


1 


1/8 


1 


48192 


2.41 


9 


3 


1 


1/8 


1 


144S76 


7^3 • 


21 


7 


1 


1/8 


1 


337344 


16.87 


42 


14 


2 


1/8 


1 


674688 


16.87 


3 


1 


1 


1/4 


T 


24192 


1,21 


9 


3 


1 


1/4 


1 


72576 


3.63 


21 


7 


1 


1/4 


1 


169344 


a47 


42 


14 


2 


1/4 


1 


338688 


a47 


3 


1 


1 


1/2 


1 


12192 


0.61 


9 


3 


1 


1/2 


1 


36576 


1.83 


21 


7 


1 


1/2 


1 


85344 


4.27 


42 


14 


2 


1/2 


1 


170688 


4Ji7 
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CEMMS 

A bor^iDle diptal gecjiiane (BDG) tool ocnpcising: 

a plurality of digital geqphone modules (DGM), eacix 
havin? an tfper end and a Icwer end; 

means for connecting said i^iper end of the first of 
said plurality of JXSSs to a standard, T-oonductor 
logging ca ble ; 

DGM cxBpnsing: 
a bousincr; 

means for loddng said bousing in 
pfTrit4"" vitMn a Isardhole; 

a gecEhone assembly for detecting acoustic signals 
and generatiig analog signals r^aresentative tiiareof ; 

a processii^ assembly for digitizing and storing said 
analog signals; 

a transmitting assembly for retrieving said stared 
signals and transmitting same to tbe surface over a 
^a>^4i^i-ofl transmission oandnrtTor of said cable; and 
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losans within said housing for functionally 
extending each oondactor in said 7-canductar 
logging cable from said vpper end to said 
lower end of each DGM \Aiereby each of said 
conductors are effectively eictended from said 
logging cable throui^ each of said DGMs to the 
lower end of the last of said plvirality of said 
DWb; and 

a sq)arate length of said 7^oanductor logging 
cable connecting said Icwer end of each of 
said DGMs to the i^^per end of the next adjacent 

Uie HDG tool of claim 3 wherein said laeans for 
loclcing said housing comprises; 

a locking arm pivotably mounted on said housing and 
movable between a retr a cted and an extended 
position; 

an electric motor operated by electrical power 
sillied fraoi the surface throu^ a dedicated motor 
power conductor of said cable; and 
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means oa?fling saict arm to said motoar ^iiereby 
said arm is ejrtealBd ^Siai said motor rotates 
in a first direction and is retracted vben. said 
notor rotates in an cfposite direction. 

Bie BDG tool of 2 viierein said processing 

assembly of each DGM includes: 

means for receiving ccnnnands from the surface 
throu^ dedicated command ccxiductocs of said 
cable* 

Die BDG tool a£ ^i"^" 3 wnsrein each DGM includes: 

means ftor sagpLyms electric power fram the surface 
to said DGtt thrca^i dedicated electric power 
aacOadbaacs a£ said cable? and 

neans for si?jplying said elecfccic power tijrou^ said 
DCsa to a next TXSL vgaa receipt of a ocmmand from 
said surface tljrau^ said command conductors of said 
cable. 



Die H3G tool of claim 6 ^dierein said gepphone 
assembly ocooprises: 
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a three-ocsBOopcoient geophone having two horizontial 
acxxtstic sensGors anl one vertical acoustic 
sensor, each sensor responsive to acoustical 
energy for generating a signal representative 
thereof. 

Ihe BDG tool of clalTn 5 ^Aiecein said processing 
asseaoobly of each DGM ocanprises: 

a separate channel for processing said 
signal frcm each of said acoustic sensors; 

an instantaneous floating point (IFP) anplif ier 
ineans for a£plying a gain to each of said signals; 

means for selectively feeding said signals 
to said lEP anplif ier one at a time; 

a microprooessing system including a means for 
storing said signals fran said IFP anplifier; and 

means for retrieving said stored signals and 
si:{:plying same to said transmitting asseaxibly for 
transmission to said surface tfarco^ said 
dedicated transmission conductar of said cable. 

Ihe BDG tool of claim 8 wherein each DCM includes; 
a temperature sensor respc^ive to the tenperature 
within said 1X31 and generating a signal 
representative tiaeaneof ; 
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means fbr suEplying said tesiperatuee 
^gnal to said tcansadtting asseanbly fear 
tEansmissim to tiie siarfeoe through said dedicated 
transnissioi cawauctor of said cable. 

A. meaicd etf acquiring acoustical data txxm a 
bccehole ccmprTsiiig* 

ocamecfcing a first digital geqphooae module (DGM) to 
a 7-caixtuctar logging cable; 

ocnnecting a second EMS to said first EM5 by a 
separate lengBi oE said 7-ooaauctac cable i*ereiy 
aar^ of the 7 oandBCtxits in the cable will 
functionally ertesxl from the cable throucfi said 
first UX, said separate lengai of cable, and said 
seoonci: DGU; 

lowering said D3Ss on said logging cable to a 
desired depth, in said bocebale; 

si?jplying power to said first DGM through dedicated 
power cooauctots in said cable to generate test 
data viiich is transndtted fixoi said first Dtai to 
the surfece through a dediratpd transnissicn 
GonSuctar in said cable; 
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transmitting a signal to said first DGM connanding 
said DGM to supply power from ssdd power 
cxsnductors throu^ said separate length of cable to 
said seocnd DGN to thereby generate and transnat 
test data fram said seconi D3A to the surface 
throigh said dedicated transmission conducbor in 
said cable; 

transmitting a timebreak signal down said a 
dedicated^ tiinehreak eondiachcfr in ssdd cable to 
siimiltaneously actuate said first and second IXSSs to 
begin aoquistion of data; 

sensing acoustical aiergy at each of said and 
generating data signsds representative thereof; 

stcETing said data signals in each 1X31; and 
transmitting vpan command said data signals fron 
each DQl to the surface tfarou^ said transmission 
conductor in said cable. 

9. Tbe method of claim 8 including: 

transmitting an address signal to each of said DGMis 
tfarou^ dedicated command conductors in said cable 
to cease transmission of test data and to assign 
an address number to each respective DGH befoce 
power is sc^lied to the next DGM. 
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10. one netiiai of cOaim 9 indHding: 

loddng eacai of said DGM at its respective in 
the boKiiole bef oce beginning tbe aoguistion of 
data* 

11. ohe ineaiod of claim 10 including: 

sensii^ the teinpe«tXD:e witJi^ 

generating a signal represenfcatdve thereof; and. 

toiBn±t±ing said tenpkatore signals 
. to the surfeoe tlirougti said transBdssioa conductar 

of said caJi^. 



15. 



20. 



25. 
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